A widely tunable mode-locked fiber laser using a carbon nanotube absorber and a fiber-optic W-shaped spectral filter is presented. The W-shaped filter is constructed by sandwiching a phase-shifted long-period grating between two LPGs of different periods. By adjusting the temperature of the W-shaped filter from 23°C to 100°C, the central wavelength of the mode-locked fiber laser can be continuously tuned from 1597 to 1553 nm. The tuning range is further extended to 1531.6 nm when a shorter erbiumdoped fiber is used in the fiber oscillator. The experimental results reveal that the large thermal tunability of the proposed LPG filter provides an effective approach to achieve compact widely tunable mode-locked fiber lasers covering both C and L bands. Wavelength-tunable ultrafast mode-locked fiber lasers have attracted tremendous research interest because of their potential applications in a wide variety of fields, including biomedical research, optical telecommunications, and spectroscopy [1] [2] [3] . Among various mode-locking technologies, a passive mode-locker based on a saturable absorber (SA) has been recognized as a useful technique owing to its capability of ultrashort pulse generation and simple configuration. Although there are different kinds of SAs (e.g., semiconductor saturable absorber mirror [3, 4] , graphene [5, 6] , graphene oxide [7, 8] , and MoS 2 [9,10]), single-walled carbon nanotube (SWCNT) has drawn much attention because of its inherent advantages such as ultrafast saturation recovery time and the possibility of mass production [11] [12] [13] . Moreover, a wide-bandwidth absorber could be easily prepared by mixing SWCNTs of different diameters for wideband mode-locking applications.
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In order to achieve a tunable mode-locked laser, a bandpass tunable optical filter is incorporated into its laser cavity. Using commercial tunable bandpass filters (TBF), mode-locked fiber lasers with tunable ranges of 40 nm (1518-1558 nm) [14] and 34 nm (1525-1559 nm) [15] have been demonstrated, respectively. However, large insertion loss will be introduced when a free-space coupled TBF is used in the laser cavity. An all-fiber solution for in-cavity filtering is to utilize intracavity birefringence and polarization dependent loss of fiber components. For instance, artificial birefringent filters have been demonstrated in tunable mode-locked fiber lasers by adjusting polarization controllers (PCs) [16] [17] [18] [19] . Another solution is based on fiber grating technology. Chirped fiber Bragg grating has been demonstrated as an in-cavity tunable filter for a graphene mode-locked fiber laser to achieve a tuning range of 4.5 nm [20] . Long-period grating (LPG) filters have also been utilized in an actively mode-locked fiber laser [21] and dualwavelength mode-locked fiber laser [22] .
In this Letter, a widely tunable SWCNT mode-locked laser is demonstrated by using a novel LPG-based tunable filter, as shown in Fig. 1 . Based on the grating's spectrum-tailoring capability [23] , a three-LPG concatenated structure is used to build a W-shaped spectral filter. It comprises of a phaseshifted LPG (PSLPG) in the middle, which forms a passband with a 3 dB bandwidth of ∼20 nm and two LPGs of different periods to extend the stop bands of the PSLPG.
The LPGs were fabricated in photosensitive single-mode fibers (PS1250/1500, Fibercore Ltd.) using an in-house pointby-point LPG fabrication platform based on a 248 nm excimer laser. As shown in Fig. 2(b) , the transmission spectrum of the π phase shift LPG (i.e., LPG-2) has a central passband, the grating pitch and length of which are 430 μm and 34.4 mm, respectively. With the introduction of a π phase shift in the middle of the grating, the initial rejection dip of the LPG splits into two notches and produces a passband with a bandwidth of 20 nm. The 3 dB bandwidths of the two spectral notches are 20.8 and 26 nm, respectively. These notches were further broadened to 37 and 45 nm, respectively, by using two uniform LPGs (i.e., LPG-1 and LPG-3) with grating pitches of 424 and 438 μm, forming a concatenated LPG structure that has a Wshaped spectrum, as shown in Fig. 2(d) . The lengths of the two LPGs are 25.44 and 26.28 mm, respectively. The broad bandwidths of the two side stop bands prohibit lasing outside the passband and ensure broad tuning operation.
The thermal response of the LPG W-shaped filter was characterized in an oven. As shown in Fig. 3 , the central wavelength of the passband decreases linearly from 1598 to 1542 nm when the temperature is increased from 23°C to 100°C. The spectral profile of the filter remains unchanged during the thermal tuning process. The measured thermal spectral shift of the W-shaped filter is −0.72 nm∕°C.
The W-shaped filter was inserted into a fiber oscillator together with the SWCNT absorber to build a tunable modelocked fiber laser. To obtain a relatively broad gain spectrum, a 7.8 m long erbium-doped fiber (EDF) (Liekki Er30-4/125) is used and bidirectionally pumped with two 980 nm laser diodes. An optical isolator is utilized to force unidirectional operation of the laser. A 9 m long single-mode fiber (SMF) with the second-order dispersion of −22 ps 2 ∕km is used to form a laser cavity with net anomalous dispersion. Laser output is obtained from the 10% tap of a fused fiber coupler. A small piece of selfprepared SWCNT/PVA composite film is inserted between two FC/PC connectors and acts as the mode locker [24] . The insertion loss of the SWCNT/PVA-based mode locker (including connection loss) was measured to be 83.7% at 1560 nm. The normalized nonsaturable loss, modulation depth, and saturation intensity are 95%, 5%, and 11 MW∕cm 2 , respectively. At room temperature (23°C), the fiber oscillator would transit from a continuous wave (CW) operation state to modelocked state after the powers of the forward and backward pumping lasers were increased to more than 51 and 10 mW, respectively. The PC was initially finely adjusted to stabilize the mode locking and then kept unchanged during the entire wavelength-tuning process. The central wavelength of the modelocked laser is 1597 nm. When the temperature of the filter is increased, the central wavelength of the mode-locked laser shifts toward shorter wavelengths. A typical spectrum and temporal trace of the mode-locked laser is shown in Fig. 4 , in which the temperature of the filter was tuned to 50°C. The pumping powers were 70 (forward) and 33 mW (backward), and the corresponding output power of the laser is 820 μW. The low lasing efficiency is attributed to relatively large nonsaturable loss of the SWCNT/PVA mode locker. The central wavelength and bandwidth of the laser are 1572 and 3.04 nm, respectively. The observed Kelly sidebands indicate that the mode locking is in the anomalous dispersion regime. The autocorrelation (AC) Fig. 1 . Diagram of the tunable mode-locked fiber laser and the LPG W-shaped filter. EDF, erbium-doped fiber; WDM, wavelength-division multiplexer; PC, polarization controller; SWCNT, single-walled carbon nanotube; PVA, polyvinyl alcohol; OC; output coupler; SMF, single-mode fiber. trace was measured by an optical autocorrelator (Femtochrome, FR-103XL) and is shown in Fig. 4(b) . If a sech 2 profile is assumed, the pulse duration is evaluated to be around 910 fs. The oscilloscope trace is shown in the inset, and the pulse-to-pulse separation is around 135 ns, which is consistent with the laser cavity length of 28 m. The regular pulse train and AC trace reveal the single-soliton operation state of the modelocked laser. Figure 5 shows the spectral evolution of the mode-locked laser when the temperature of the LPG W-shaped filter is tuned from 23°C to 100°C. In the experiment, the pumping powers from the forward and backward pumping laser diodes were adjusted to tune the effective gain profile of the fiber oscillator. When the temperature of the LPG filter was tuned to 100°C, the pumping powers were increased to 82 (forward) and 42 mW (backward), leading to mode locking at 1553 nm. We observe that the central wavelength of the mode-locked laser is continuously tuned from 1597 to 1553 nm; meanwhile, the Kelly sidebands remain during the entire process. Because the PC is kept unchanged, it is believed that the wavelength tuning results from the tuning of LPG filter rather than intracavity birefringent filtering effects.
The change in the central wavelength of the tunable modelocked laser with respect to the LPG filter temperature is plotted in Fig. 6(a) . We observe that the wavelength monotonically decreases, although not linearly with temperature. The nonlinearity of the curve is mainly due to uneven gain profile of the fiber oscillator. The output power of the laser as a function of the LPG filter temperature is also shown in Fig. 6(a) . Output power at wavelengths longer than ∼1584 nm becomes lower because of the limited gain at long wavelength. The pulse duration and spectral bandwidth of the mode-locked pulse at temperature from 50°C to 100°C is shown in Fig. 6(b) . Because of the limited sensitivity of the optical autocorrelator and low output powers at wavelengths longer than 1580 nm, the data of the mode-locked pulses corresponding to the filter's temperature from 23°C to 40°C was not measured. The pulse width varies from 0.85 to 1.32 ps and does not show clear dependence on the lasing wavelength. The spectral width varies between 2.5 and 3.4 nm, which indicates that the mode-locked pulses are close to the transform limit. Typical measured AC traces of the laser are shown in the inset of Fig. 6(b) . In order to demonstrate that the proposed technology can attain wider tunability, an experiment was conducted by using a fiber oscillator with shorter EDF [25] . The length of the EDF was cut from 7.8 to 1.9 m in the experiment. The temperature of the filter was then tuned from 70°C to 110°C to study the mode-locking performance of the fiber oscillator. Figure 7 shows the spectral evolution of the output mode-locked pulses. We observe that the central wavelength of the mode-locked laser can be tuned from 1558 to 1531.6 nm. The measured pulse durations of the laser pulses vary from 0.6 to 1.2 ps. Nevertheless, the upper limit of the tuning range decreases from 1597 to 1558 nm due to the reduced gain at long wavelengths.
In conclusion, a widely tunable mode-locked erbium fiber laser has been demonstrated by thermal tuning of a special LPG-based W-shaped filter. The central wavelength of the mode-locked laser can be continuously tuned from 1553 to 1597 nm. Wavelength tuning down to 1531.6 nm to cover both C and L bands also has been demonstrated by using a shorter erbium-doped fiber. Such an all-fiber widely tunable mode-locked fiber laser provides a compact and cost-effective ultrafast pulse source for practical applications. Output spectra of the mode-locked laser using a 1.9 m long EDF with temperature of the filter varied from 70°C to 110°C. Inset shows pulse widths of the corresponding mode-locked pulses.
